Relatively little is understood about the dynamics of global hostpathogen transcriptome changes that occur during bacterial infection of mucosal surfaces. To test the hypothesis that group A Streptococcus (GAS) infection of the oropharynx provokes a distinct host transcriptome response, we performed genome-wide transcriptome analysis using a nonhuman primate model of experimental pharyngitis. We also identified host and pathogen biological processes and individual host and pathogen gene pairs with correlated patterns of expression, suggesting interaction. For this study, 509 host genes and seven biological pathways were differentially expressed throughout the entire 32-day infection cycle. GAS infection produced an initial widespread significant decrease in expression of many host genes, including those involved in cytokine production, vesicle formation, metabolism, and signal transduction. This repression lasted until day 4, at which time a large increase in expression of host genes was observed, including those involved in protein translation, antigen presentation, and GTP-mediated signaling. The interactome analysis identified 73 host and pathogen gene pairs with correlated expression levels. We discovered significant correlations between transcripts of GAS genes involved in hyaluronic capsule production and host endocytic vesicle formation, GAS GTPases and host fibrinolytic genes, and GAS response to interaction with neutrophils. We also identified a strong signal, suggesting interaction between host γδ T cells and genes in the GAS mevalonic acid synthesis pathway responsible for production of isopentenyl-pyrophosphate, a short-chain phospholipid that stimulates these T cells. Taken together, our results are unique in providing a comprehensive understanding of the host-pathogen interactome during mucosal infection by a bacterial pathogen.
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epithelial growth factor receptor | host pathogen | microarray | Streptococcus pyogenes | transcriptome I dentification of the specific molecular events that in the aggregate comprise host-pathogen interactions is important to our understanding of infectious disease pathogenesis. Advances in genome-wide analyses occurring in the last decade have facilitated the study of global transcriptome changes that occur during microbial infection. The vast majority of these studies, such as the recent investigation of typhoid fever (1) , have addressed the pathogen or host transcriptome at a single or relatively few points in the infection cycle. Although much has been learned, a poorly understood area of infectious disease research revolves around the simultaneous changes in the host and pathogen transcriptomes occurring throughout the entire course of infection. This type of study, which we will refer to as longitudinal interactome analysis, has great promise to enhance our understanding of the molecular pathogenesis of infectious diseases. Indeed, one recent study provided new understanding of host-pathogen interactions that regulate early-stage replication of HIV-1 (2) and proteinprotein interactome studies have been published for Epstein-Barr virus (3), varicella zoster virus (4) , and Kaposi's sarcoma herpesvirus (4) . Simultaneous analysis of the host and pathogen transcriptome during in vivo infections has been reported for malaria (5) and Escherichia coli (6) infections. However, these studies were limited to mouse models of infection and only inferred host-pathogen interactions based on known or putative biological roles of pathogen genes. In addition to their inherent basic science interest, global interactome analyses are critical to conduct because they promise to provide previously unexplored avenues for translation research, including development of unique diagnostics and therapeutics. Many factors account for the lack of longitudinal interactome analyses, several key points being complex experimental design and computational intensity.
Group A Streptococcus (GAS) is a Gram-positive, human bacterial pathogen responsible for 2 million cases of pharyngitis and 15,000 cases of invasive disease in the United States annually. GAS produces many actively secreted proteins that target the host cell, including numerous proteases, lipases, and immunomodulatory proteins. GAS alters the level of production of these virulence factors in response to changes in external stimuli, resulting in significant transcriptome remodeling (7, 8) . Therefore, GAS is likely to have differing tissue-specific gene expression patterns that are influenced by the host microenvironment. Several studies have investigated GAS transcriptome changes that occur during culture in laboratory media, saliva, blood, and with host cells (7, 9, 10) . However, these types of studies lack the ability to capture the complex host-pathogen interactions that take place during infection of an intact host. Therefore the use of a relevant animal infection model is critical to providing enhanced understanding of host-pathogen interactions (11, 12) .
Far less is known about the host response to infection by this pathogen. Most studies have only analyzed the host transcriptional response in particular cell types, such as leukocytes or immortalized epithelial cell lines, generally at a single time-point. Although informative, the inherent limitation of these studies means that they do not adequately reflect the complexity of the host response to GAS in vivo. Moreover, they lack the ability to resolve temporal changes in the host transcriptome that likely occur during natural infection.
To test the hypothesis that GAS infection produces a distinctive host transcriptome response, we performed a longitudinal analysis of host and pathogen genome-wide expression levels during a 32-day acute pharyngeal infection by GAS in 20 cynomolgus macaques. Gene transcript levels were measured at nine time-points during GAS infection using host and custom pathogen-specific Affymetrix GeneChip arrays. We discovered that relative to mockinfected animals, the host transcriptome response is unique and differentially expressed at each time interval of the infection cycle. Unexpectedly, many host genes and gene categories were downregulated within the first 24 and 48 h of infection. Interactome analysis provided unique insight into the interactions between host and pathogen biological process and provided many previously unexplored avenues for further molecular confirmation studies and pathogenesis research.
Results and Discussion
Experimental Design. We used a three-phase experimental protocol consisting of mock-infection, rest, and GAS infection of 20 cynomolgus macaques ( Fig. 1) (12) . The unique experimental design allowed each animal to serve as its own experimental control, thereby reducing variability caused by interindividual differences in factors such as immune and genetic backgrounds. Genome-wide expression levels were assessed simultaneously in host and pathogen at nine time-points during both the mock and infection experimental phases. This longitudinal analysis of both host and pathogen transcriptome allowed us to probe the dynamic transcriptional events occurring during in vivo infection. Importantly, the protocol permitted us to identify individual host and pathogen gene pairs with correlated changes in gene expression, indicative of interaction between host and pathogen.
Long-Term Changes in the Host Transcriptional Response to GAS Infection. To test the hypothesis that GAS produced significant changes in host-gene expression throughout the course of infection, a repeated measures statistical test with the GreenhouseGeisser and Huhn-Feldt corrections was performed. For this test, 509 host genes were differentially expressed in the GAS-infected animals, compared with the mock-treatment group at a significance level of P < 0.005 (P < 0.05 for the Greenhouse-Geisser and Huhn-Feldt corrections) (Table S1 ). This genetic signature represents a comprehensive profile of the significant pharyngitisspecific host transcriptome response in the cynomolgus macaque for all time-points and all animals.
To probe the potential biological role that these differentially expressed genes play in the host, gene ontology (GO) categories were assessed using the DAVID application (13) (Fig. 2) . We observed a significant increase in expression of genes involved in primary metabolic processes, such as ATP biosynthesis and carboxylic acid metabolism. We also discovered that genes involved in signaling categories, such as cell communication, transcription factors, Ras signaling, and GTPase-mediated signaling, were all significantly up-regulated. Additionally, we used Ingenuity Pathway Analysis software to determine the biological pathways that were differentially expressed. Seven canonical pathways were significantly overrepresented in the dataset at P < 0.05 (Fig S1) . Among the differentially expressed pathways were several involved in the immune response to pathogens, such as acute phase response, eicosanoid signaling, Toll-like receptor signaling, and antigen presentation. Additionally, pathways involved in PPAR/RXR and apoptosis signaling were significantly overrepresented in our dataset, as assessed by Fisher's Exact test.
Short-Term Changes in the Host Transcriptional Response to GAS Infection. To complement our repeated-measures analysis that identified host genes differentially expressed throughout the entire course of infection, we performed a serial analysis to track the shortterm transcriptional response to GAS infection occurring between individual time-points. This process provides a high-resolution analysis of the temporal changes in gene expression and is not simply a breakdown of the repeated-measures analysis results by time. Therefore, it is important to note that the repeated-measures analysis is not simply a sum of these results. Two hundred fifty genes were differentially expressed (P < 0.01) during the first 24-h interval. Host biological processes differentially expressed during GAS infection. GO categories were assigned using the DAVID application for each of the 509 host genes differentially expressed throughout the entire infection. Shown are the significantly overrepresented host biological processes (EASE score P < 0.05), ranked from top to bottom according to the number of differentially expressed genes in the category.
The number of differentially expressed genes increased to a peak of 629 genes on day 4, a time corresponding to a very high pharyngitis score and GAS CFU level (11, 12) . This peak was followed by a gradual decline to a low of 138 differentially expressed genes at day 16. Although lengthy lists of individual genes provide important detail and specificity, they produce relatively restricted biological clarity. To better understand the biological significance of these changes in host gene expression, we performed an analysis of the GO categories represented in our dataset using a computational method known as significance analysis of function and expression (SAFE). SAFE determines which GO categories are differentially expressed using a two-step approach that takes into account the entire gene-expression dataset, rather than restricting the analysis to a short list of differentially expressed genes (14) . This approach allows the identification of categories with a large number of marginally significant genes that might have otherwise been excluded in a traditional gene list approach. Eight individual SAFE analyses were performed, representing each of the eight time intervals present in our analysis of the short-term changes in host gene expression. We found that 494 significant (P < 0.05) categories were discovered over the eight time intervals (Table  S2 ). These categories were differentially expressed in infected relative to mock-treated animals. Unexpectedly, during the first 24 h of infection, none of the host-gene categories were up-regulated. Rather, we observed widespread down-regulation of genes involved in sensory stimulus, vacuole formation, tight junctions, cytokine biosynthesis, G protein signaling, cellular repair, angiogenesis, and inflammatory response. This initial period of downregulation was followed by a dramatic increase in expression occurring during the 2 to 4 day interval, when numerous gene categories were up-regulated (Table S2 ). To summarize, host gene expression was greatly altered over the course of infection relative to mock treatment.
To test the hypothesis that increased bacterial growth correlated with increased activation of host biological processes, we examined the relationship between levels of GAS CFUs and expression of host-gene categories. Interestingly, when the quantity of GO categories per time interval was plotted against the average number of CFUs collected over time from the pharyngeal swabs obtained from all monkeys, we observed a striking, nearly superimposed relationship (Fig. 3 ). These data suggest that differential expression of GO category genes (relative to mock treatment) are related to the bacterial load at the infection site.
Interactome Analysis. One of our key goals was to gain enhanced understanding of the relationships between changes in the pathogen and host transcriptome over time: that is, the longitudinal interactome. Our experimental design permitted us to compare host and pathogen gene-expression profiles to identify individual host and the pathogen gene pairs that showed correlated levels of expression. In other words, we used a computationally intensive strategy to determine which host transcripts demonstrated expression parallel to pathogen transcripts and which transcripts demonstrated inverseexpression profiles. The goal was to determine which GAS transcripts influenced host-gene expression or vice versa.
We analyzed several statistical algorithms for robustness and applicability to our datasets and experimental design, including Pearson's Correlation, Dynamic Programming, and Common Entropy. The SAFE method was extended for detection of hostpathogen gene expression coexpression analysis by using the Spearman Rank correlation for the local statistic and comparing all pair-wise combinations of individual host and pathogen gene expressions. The large number of individual comparisons (∼58 million) posed considerable multiple testing issues and produced a large list of correlations at P < 0.05; therefore, we refined this list ). The four data points are as follows, starting from Lower Left and moving to the Right: day 9, day 0, day 32, day 2. Each point represents the average of six animals. The regression line and r value of 0.99 are shown. (B) Increase in GAS metK expression following incubation with neutrophils. GAS metK transcript levels were measured by TaqMan after a 1-or 3-h incubation with human neutrophils. Changes in GAS metK mRNA levels after phagocytosis were determined by comparing normalized metK transcript levels in the presence and absence of human neutrophils. After 1 h, no significant changes in metK levels were detected. After 3 h, a significant (P < 0.05) 2-fold increase was seen in GAS incubated with neutrophils relative to bacteria alone. 4A and Fig S3) .
Hyaluronic Acid Biosynthesis and Endocytic Vesicle Formation. The correlation analysis identified relationships between GAS genes involved in hyaluronic acid biosynthesis and host genes encoding proteins involved in the formation of endocytic vesicles and clathrincoated pits. Specifically, expression of the GAS genes hasA, hasB, hasC, and hasC.2 was correlated with expression of host genes encoding the clathrin adapter proteins AP2A2 and AP2S1, epithelial growth factor receptor (EGFR), and the voltage-gated calcium channels CACNA1I and CACNA1G. These GAS genes catalyze the multistep biosynthesis of the hyaluronic acid capsule, which is antiphagocytic and a major bacterial virulence factor (15) . Increased capsule production reduces internalization of GAS into host cells and enhances virulence (15, 16) . The hyaluronic acid capsule facilitates adhesion of GAS to the surface of human epithelial cells by binding to CD44 protein, a hyaluronic acid receptor on host cells (17) . Binding of GAS to CD44 increases epithelial cell motility and triggers formation of lamellipodia (16) . These effects are mediated by signaling through the Rho-GTPase Rac1 (16) . Importantly, EGFR is recruited to CD44 and forms a stable complex upon binding of native hyaluronic acid produced by the host to CD44 (18, 19) . However, EGFR has not been previously implicated in the molecular events associated with binding of GAS hyaluronic capsule to host CD44, and thus our finding is unique. Furthermore, activation of EGFR induces changes in cell motility and morphology similar to those observed in GAS binding to host CD44. Activation of EGFR has been associated with the redistribution of tight junction proteins that maintain epithelial integrity (20) . Moreover, inhibitors of EGFR disrupt changes in cell motility caused by binding of hyaluronic acid to CD44 (18) . Together, our findings suggest that EGFR plays an integral role in mediating the downstream signaling effects of GAS binding to CD44, and implicates the voltage-gated calcium channels CACNA1I and CACNA1G in controlling flux of Ca 2+ levels associated with increased motility (model shown in Fig S4) .
We observed several additional correlations between has GAS gene expression and the expression of the clathrin adapter proteins AP2A2 and AP2S1. These two proteins form part of the AP2 adapter complex, which localizes to the cytosolic side of endocytic vesicles and links to clathrin. Specifically, we observed an inverse correlation between AP2A2 transcript and has gene transcripts, whereas AP2S1 was positively correlated with has expression. Although relatively little is known about the specific roles of AP2A2 and AP2S1 adapters, their involvement in sorting of protein cargo for internalization and receptor recycling in endocytic vesicles suggests they are involved in internalization of GAS or in alteration in levels of receptor proteins, such as EGFR or CD44 at the plasma membrane. Thus, the analysis provided an increased layer of complexity to the previously described interaction between hyaluronic acid and CD44.
An additional set of positive correlations was observed between expression of mipB and two host genes encoding the leukotriene B4 receptor (LTB4R) and cysteinyl leukotriene receptor 2 (CYSLTR2), membrane-bound G protein-coupled receptors that mediate the inflammatory response to eicosanoids.
GAS GTPase Signaling and Host Fibrinolytic Genes. The GAS genome encodes several GTPase proteins that are widely conserved in bacteria, including many involved in ribosomal assembly and tRNA processing. Several GAS GTPases and host genes had correlated gene expression levels (Table S3) . Intriguingly, expression of several of these GAS GTPases was correlated with expression of the host plasminogen (PLG) gene. For example, the GAS thdF gene had an inverse correlation with PLG expression. Although little is known about the function of many of these GTPases, thdF catalyzes the modification of certain tRNA species and is required for proper base-pairing during codon-anticodon recognition (21, 22) . Inactivation of these genes induces frame-shifting and premature termination during translation (23) , particularly affecting proteins with extensive regions of positive charge, such as DNA-binding transcription factors. Genetic inactivation of thdF results in decreased production of several virulence factors, with the notable exception that streptokinase expression increases (24) . Although the exact mechanism is unknown, it has been hypothesized that decreased thdF results in decreased expression of a negative regulator of streptokinase (24) . Thus, because streptokinase activates plasminogen cleavage, increased streptokinase levels would increase the rate of plasminogen activation to plasmin, leading to degradation of extracellular matrices and local fibrin deposits, thereby increasing GAS dissemination.
Several other host genes, including thrombin and macrophage stimulating protein (MSP), showed coregulation with multiple GAS GTPases. Plasminogen, thrombin, and MSP are each expressed as inactive zymogens that require cleavage for functional activation. All of these proteins have similar protein sequences, suggesting that a common factor, such as streptokinase, may act on all three (diagram shown in Fig S5) . In this regard, we note that although traditionally considered components of blood, both plasminogen and MSP are present in the respiratory tract. Plasminogen is found in saliva and MSP is present in bronchoalveolar lavage fluid (25, 26) . Additionally the MSP receptor, RON, is highly expressed in the upper respiratory tract where it regulates motility of ciliated epithelia (26) . MSP activation of RON suppresses the inflammatory response by inhibiting nitric oxide production in macrophages and may represent a unique mechanism by which GAS evades the host immune response.
Adaptive Response of GAS to Polymorphonuclear Neutrophils. One of the major advantages of our in vivo primate model of infection is the ability to study the complex interplay between the host immune response and GAS gene expression. Although the pharyngeal swabs contained mainly epithelial cells, phagocytic leukocytes were also present. Polymorphonuclear neutrophils (PMNs) are actively recruited to the local site of GAS infection, and thus interaction between GAS and host PMNs has been an area of considerable interest for decades. However, relatively little is known about GAS-PMN interaction in the posterior pharynx. The correlation analysis identified several coregulated host and pathogen genes that provide further insight into the adaptive response of GAS to activated PMNs.
One of these correlations in gene expression was between the GAS metK gene, encoding an S-adenosylmethionine (SAM) synthetase, and host genes encoding CD64 (FCGR1A) and azurocidin 1 (AZU1). Azurocidin is a cationic antimicrobial peptide sequestered in neutrophil secretory vesicles and azurophilic granules. The molecule is released during PMN priming or activation by granule exocytosis and is chemotactic for monocytes and macrophages (27) . CD64 is a leukocyte glycoprotein receptor that mediates phagocytosis of microbes opsonized by IgG (28), thereby eliciting phagocyte production of microbicidal reactive oxygen species (ROS). Recent studies by Soehnlein et al. demonstrated that macrophage CD64 is up-regulated by neutrophil azurocidin (29) . Although resting neutrophils generally express low levels of CD64 at the plasma membrane, surface expression increases following activation by proinflammatory stimuli (28) . Therefore, increased expression of AZU1 and FCGR1A during GAS pharyngitis is consistent with either increased PMN influx at the site of infection or indicative of the PMN response to infection.
Inasmuch as SAM is a precursor for biosynthesis of glutathione, a molecule important for moderating the effects of ROS, increased production of SAM by GAS might occur in response to interaction with PMNs. As a first step toward testing this hypothesis, we measured levels of GAS metK transcript following interaction of GAS with human PMNs. Compared with bacteria alone, GAS metK transcript levels increased 2.03-fold following interaction of GAS with human neutrophils for 3 h (Fig. 4B) . These findings are compatible with the idea that increases in PMN FCGR1A and AZU1 are countered at least indirectly by up-regulation of GAS metK transcript.
Signal for Activation of Host γδ T Cells by the GAS Mevalonic Acid
Pathway. One of the largest sets of host-pathogen interactions identified in the correlation analysis involved GAS genes in the mevalonic acid biosynthesis pathway. We identified correlations with four of the five GAS enzymes in the mevalonic acid pathway (mvaS.1, mvaK1, mvaK2, and mvaD) that convert acetyl-CoA to isopentenyl-pyrophosphate (IPP), with each step correlated to multiple overlapping host genes. IPP is short-chain phospholipid produced by GAS that is identical to IPP produced by host cells. In the host, accumulation of IPP is a marker for cellular stress and is detected by γδ T cells (30) . These T cells recognize nonpeptide lipid antigens, with IPP being one of the primary host molecules. However, activation of host γδ T cells by IPP produced by GAS has largely been discounted because of low concentrations produced in vitro and the discovery that lipid intermediates produced by bacterial pathogens with a nonmevalonic IPP pathway (MEP) are over 10,000-fold more antigenic (31, 32) .
Host genes correlated with the GAS mevalonic acid pathway fell into three distinct functional categories: receptors and receptor regulation, lipid raft formation/organization, and MAPK/SAPK signaling. Several of these genes are expressed only in neuronal tissue and T cells. These genes included agrin and the glutamate receptor GRIN1, both of which colocalize with the T-cell receptor (TCR) and are up-regulated in response to T cell activation (33, 34) . Fig. 5 illustrates the effect of GAS IPP production on host γδ T cell signaling. In total, these correlated genes suggest that increased transcription of GAS mevalonic acid genes involved in production of IPP is correlated with a T cell-specific host transcriptional response characteristic of the molecular events triggered by antigen binding to the TCR. These events include the activation of the host cellular-stress signaling pathway. This contrasts with reports that GAS production of IPP does not specifically activate host T cells, including γδ T cells (31, 35) . These conflicting data are likely explained by our use of an in vivo model where close physical proximity of GAS and host cells on the mucosal surface allows accumulation of IPP in the microenvironment. These GAS genes are positioned directly downstream of the sptR/sptS two-component system, an important regulator of GAS gene expression in saliva (10) . We hypothesize that expression of these genes and consequent production of IPP enhances GAS survival in the oropharynx. Our findings suggest that study of the role of γδ T cells during GAS infection of the upper respiratory tract would be fruitful.
Conclusion
This study provided unique insight into the host upper respiratory tract response to a common human bacterial pathogen, one result being many previously unexplored leads for pathogenesis research. Our strategy was distinct from previous investigations of host-pathogen interaction that relied on extensive in vitro yeast two-hybrid screens of protein-protein interaction or inferred interaction between host and pathogen transcriptomes based on previously described interactions reported in the literature. The unbiased strategy we used integrated paired host and pathogen transcriptomes during natural infection to identify interaction between individual host and pathogen genes and biological processes based on correlation of their gene expression profiles over time. Although it is important to interpret correlative microarray analyses with caution, our longitudinal interactome analysis yielded extensive data that can be exploited for subsequent hypothesis-driven research and translation research.
Materials and Methods
Bacterial Strain Cultivation. GAS strain MGAS5005 (GenBank CP000017), genetically representative of contemporary serotype M1 strains, was grown as previously described (11, 12) .
Infection Protocol. Infection of cynomolgus macaques and sample preparation has been described extensively (11, 12) . Briefly, animals were GAS-culture negative and had negligible antistreptolysin O titers, indicating no recent history of GAS exposure. Twenty animals were subjected to a mock-inoculation protocol (PBS only) for 5 weeks, rested for 4 weeks, and inoculated in the upper respiratory tract with 10 7 CFUs MGAS5005. Blood, saliva, and throat swabs were collected on days 0, 1, 2, 4, 7, 9, 16, 23, 32, 45, 58, 72, and 86. Only the first nine time-points were studied because specimens collected during days 0 to 32 had matching comparator specimens from the mock-infection protocol. Thirty-two clinical and laboratory parameters were measured by the same veterinarian during mock and infection periods. The study protocol was approved by the Animal Care and Use Committee, Rocky Mountain Laboratories, National Institute of Allergy and Infectious Diseases. Relationship between increased production of IPP by GAS and signaling of γδ T cells. Up-regulation of mevalonic acid pathway genes (mvaS.1, spy0686, mvaK1, mvaK2, mvaD) results in increased production of IPP, which binds to the TCR of host γδ T cells present in the mucosal epithelium. Binding of IPP to the TCR stimulates recruitment of lipid rafts necessary for TCR signaling. Host genes involved in organization of lipid raft and receptor clustering, such as Agrin, Flotillin-2, and NrCAM, show increased expression levels to coordinate TCR and coreceptor signaling. The activated TCR initiates a signal transduction cascade leading to increased expression of host MAP3KIP1 and GADD45B, both members of the p38 MAP kinase pathway, and MAP4K1, a hematopoietic-specific signaling kinase that activates the cellular stress activated signaling pathway (SAPK1). Gamma-delta T cells are key defenders of the host mucosal surface and TCR signaling leading to increased proliferation or T-cell anergy is likely to influence the immune response to GAS.
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PNAS | March 9, 2010 | vol. 107 | no. 10 | 4697 MICROBIOLOGY variance (RM-ANOVA) test. Partek Genomic Solution (Partek Inc.) was used to import Affymetrix CEL files, normalize with RMA and test by RM-ANOVA. The Greenhouse-Geisser and Huhn-Feldt corrections for nonsphericity were taken into account when determining significance. Geometric fold-changes ranged from −1.71 to +1.22. Although fold-changes appear low, this results from disease and gene expression changes varying across individual monkeys over the course of the experiment. Large and small gene-expression changes and clinical symptoms were observed within individual monkeys over time and in infected compared to mock. Fold-changes for individual subjects may be much higher. The large number of biological replicates (20) and sampling timepoints (9) allowed for calculation of small fold-changes, demonstrating statistical significance. Short-term changes in the host transcriptional response were determined by comparing each pair of temporally adjacent time-points using an analysis of covariance (ANCOVA) test with corrections for variability because of time and kurtosis.
Significance Analysis of Function and Expression. To assess the significant differential expression of gene categories, we used the permutation-based SAFE methodology (14) implemented in the statistical software R, and publicly available in the Bioconductor repository (http://www.bioconductor. org). Host categories were formed from GO using annotation packages for the array platform, and 61 functional categories in the GAS pathogen data were built as previously defined (36) . The local statistics of gene-specific differential expression corresponded to t-statistics for the treatment effect from the ANCOVA model stated above. The Wilcoxon rank sum was used as the global statistic to measure increased amounts of differential expression in the gene categories. Empirical P values were computed from 10,000
permutations of the array assignment within each subject, along with the false-discovery rate for the sets significant findings (37). Data were grouped by pairs of temporally adjacent time points and analyzed to determine significant changes in gene expression from day to day. Analysis by both ANCOVA and SAFE was performed as noted above for each of the eight consecutive pairs of time-points.
Coexpression Correlation Analysis. Spearman rank correlation was used to score all pairs of host and pathogen genes. P values for the total of 5.8 × 10 7 hostpathogen gene pairs were calculated for the correlation in the standard largesample approximate manner. For each category and within each host-pathogen pair, the variance of the average across-species Spearman correlation was determined by repeatedly calculating the statistic against randomly generated expression profiles. P values were obtained in the large-sample approximate manner using the appropriately standardized forms of the observed Spearman correlations. Across-subject tests of the average correlation were performed under the assumption that host-pathogen pairs are independent. For comparing a host category to a pathogen category, no resampling-based procedure was available that appropriately accounts for the correlations within each organism. Thus, the most extreme average Spearman correlations are reported without providing a P value for the level of significance. 
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Shea et al. 10 .1073/pnas.0906384107 SI Materials and Methods RNA Extraction. Tonsil swabs were immediately frozen on dry ice. The swabs contained a mixture of epithelial and inflammatory cells, but microscopic examination indicated that the majority of cells were epithelial cells. Host cells were lysed using the FastPrep FP 120 system and Lysing Matrix D Tube (MP Biomedicals) with 500 μL phenol:chloroform (5:1) at pH 4.5 (Applied Biosystems), 500 μL CRSR-"GREEN" (MP Biomedicals), and 300 μL of 5 mM arunocarboxylic acid. RNA was purified in 96-well format as described (1) . RNA quantity was determined with an Agilent 2100 Bioanalyzer System (Agilent).
Preparation of Labeled Nonhuman Primate cRNA Targets. All tonsilswab RNA (average 4.2 μg per swab) was used for cDNA synthesis as described (2) . In vitro transcription labeling with biotinylated UTP and CTP was performed according to the manufacturer's recommendations (Enzo Diagnostics) for 10 h at 37°C. Amplified cRNA was purified as described above. The quality and size of cRNA was verified with an Agilent 2100 Bioanalyzer System (Agilent).
HG-U133A and HG-U133B Affymetrix GeneChip Array Hybridizations and Scanning. The target hybridization mixture was heated at 99°C for 5 min followed by 5 min incubation at 45°C. Prewetted array cartridges were incubated with the hybridization mix for 16 h. Array cartridges were washed according to Affymetrix washing protocols. Hybridized arrays were subsequently stained with 100 mM Mes, 1 M [Na + ], 0.05% Tween-20, 2 mg/mL acetylated BSA, 0.1 mg/mL normal goat IgG (Sigma), and 3 μg/mL biotinylated goat anti-streptavidin antibody (Vector Laboratories) as described in the Affymetrix antibody staining protocol. Arrays were scanned using the GeneChip system confocal scanner. Fluorescence intensities were analyzed with the Affymetrix GCOS 1.0. The software provides scaled intensities so that the average intensity for each chip is approximately equivalent.
RML Affymetrix Custom GeneChip Data. Raw cel files have been deposited in the Gene Expression Omnibus database (available at: www.ncbi.nlm.nih.gov/geo). All statistical analysis was conducted on gene expression measures processed using Partek's RMA without background correction.
TaqMan-RT-PCR Validation of Array Data. Quantitative RT-PCR validation was performed on a subset of nonhuman primate throat swab samples. Six monkeys were randomly selected from the 20 monkeys with appropriate balancing performed during this selection. Four time-points (0, 2, 9, and 32 days) for mock and infection treatments were chosen to represent inoculation time and three phases of infection (colonization, 0-4 days; acute, 4-23 days; and asymptomatic phase, 23-58 and 58-86 days). Two genes were selected to represent two host-pathogen gene interactions described in the manuscript. Leukotriene B4 receptor (LTB4R) was selected to represent host endocytic vesicle formation: GAS Has Interaction, flotillin 2 (FLOT2) was selected to represent host γδT cell-GAS mevalonic acid pathway interaction. Peroxisomal biogenesis factor 16 (PEX16) was selected as a normalizer gene. The PEX16 probe-set had a low coefficient of variation when 360 monkey GeneChip datasets were compared. All probes and primers were ordered from Applied Biosystems as ready-to-go 20× TaqMan Gene Expression Assays. qPCR cDNA templates were prepared as previously described (1) and EXPRESS qPCR Supermix (Invitrogen) was used use for the qPCR reactions according to manufacturer's instructions. qPCR analysis was done as described previously (1), except housekeeping gene measurements were performed in separate wells. Results of Pearson's Correlation analysis comparing qPCR and expression microarray analysis for FLOT2 and LTB4R genes are shown in Fig. 4 and Fig. S3 .
TaqMan RT-PCR Analysis of GAS-PMN Interaction. Neutrophil phagocytosis experiments and RNA preparation for TaqMan analysis were performed as described previously (3) . Human neutrophils were isolated from venous blood of healthy subjects using a published method (4) and in accordance with a protocol approved by the Institutional Review Board for Human Subjects, National Institute of Allergy and Infectious Diseases. GAS metK RNA transcripts were detected using forward primer 5′-CTTACGCTGCTCGCTATATTGC-3′, reverse primer 5′-AAGCTAGTTGGACTTCAGCTTTGG-3′, and detection probe 5′FAM-ACAAGGCCTGCTGCCACAAGGTT TT-3′ TAMRA (Applied Biosystems). Changes in GAS metK transcript levels were determined using the method of Voyich et al. (5) , but with modification. Briefly, all RNA samples were normalized using the GAS housekeeping gene, proS. Changes in GAS metK mRNA levels after phagocytosis were determined by comparing normalized metK transcript levels in the presence and absence of human neutrophils. . Host biological pathways differentially expressed during GAS infection. Ingenuity Pathway Analysis of 509 host genes differentially expressed throughout the course of infection. Shown are the biological pathways statistically overrepresented (P < 0.05; Fisher's Exact test) in the list of differential expressed genes. Orange horizontal bar represents the cutoff for statistical significance corresponding to a P value of 0.05. y axis is -log (P value). Fig. S4 . Role of epithelial growth-factor receptor (EGFR) and clathrin adapters in GAS adherence and internalization. The GAS hasA, hasB, and hasC proteins biosynthsize the anti-phagocytic hyaluronic acid (HA) capsule that allows GAS to bind to the human HA receptor (CD44). Binding of HA triggers recruitment and up-regulation of EGFR, which forms a complex with CD44. The tyrosine kinase domain of the activated EGFR initiates a signaling cascade that increases lamellipodia formation and cell motility, resulting in decreased epithelial integrity. These effects are mediated by signaling through the Rho-GTPase, Rac1. EGFR activation also leads to downstream calcium signaling associated with actin rearrangements and cell movement. Increased expression of the T-type calcium channels CACNA1G and CACNA1I facilitates the alterations in calcium levels. On the Right, reduced expression of HA capsule allows internalization of GAS into the cell via endocytic vesicles. Host cells increase expression of the clathrin adapter AP2A2, which is integral to vesicle formation, as part of the increase in endocytic vesicle activity and GAS internalization. Internalized vacuoles containing GAS are then acidified in an attempt to degrade the bacteria. Fig. S5 . Model of GAS GTPase interaction with host fibrinolytic genes. The GAS GTPase thdF catalyzes the modification of certain tRNA species and is required for proper codon-anticodon recognition. Decreased thdF transcription causes mistranslation of GAS mRNAs, particularly affecting transcription factors. The decreased level of an unknown transcriptional repressor of streptokinase results in increased production of streptokinase. Streptokinase binds host plasminogen, forming an activator complex which then cleaves unbound plasminogen. Promacrophage stimulating protein (pro-MSP) and prothrombin are activated directly by streptokinase or indirectly by plasmin activated by streptokinase. Plasmin and thrombin then enhance thrombolysis by degrading host fibrinogen in the extracellular matrix. Activated MSP binds to the RON receptor present on epithelial cells in the upper respiratory tract. MSP activation of RON initiates a signaling cascade that suppresses nitric production by macrophages and stimulates ciliated epithelial cells. Suppression of this inflammatory response may promote survival of GAS in the oropharynx. Table S1 . Host genes differentially expressed during longitudinal infection by GAS Table S1 (DOC) Shown are genes found to be significantly differentially expressed (P < 0.005) according to repeat-measure analysis of variance (RM-ANOVA) test of GAS infected vs. mock animals over the course of 32 days. Included are the Greenhouse-Geisser (GG) and Huhn-Feldt (HF) corrections for nonsphericity. Also shown are average geometric fold-changes in all 20 animals over all eight time-points. Table S2 . Functional analysis of the changes in host gene expression during GAS anfection Significance analysis of function and expression (SAFE) was used to identify host GO categories differentially expressed during GAS infection. Serial ANCOVA data were used as the local statistic for the SAFE procedure. A summary table at the top provides an overview of the number of host biological categories found to be differentially expressed in GAS-infected animals versus mock during each of the eight time intervals using the SAFE analysis method. Host GO identifier, number of genes differentially expressed in each category, Wilcoxon rank sum (global statistic), ANCOVA Treatment*Day F-statistic (local statistic), Yekutieli-Benjamini false-discovery rate and GO category are shown on the Left. The overall direction of the change in gene expression of the category is indicated on the Right.
Direction of change appears as either up-regulation (up/green), down-regulation (down/red), or bidirectional, in which significant portions of genes in the category display up-regulation; others show down-regulation. A c u t e P h a s e R e s p o n s e E i c o s a n o i d S i g n a l i n g P P A R α / R X R α A c t i v a t i o n A n t i g e n P r e s e n t a t i o n T L R S i g n a l i n g A p o p t o s i s S i g n a l i n g N i t r o g e n M e t a b o l i s m 
